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Fibrillins are large structural macromolecules that
are components of connective tissue micro®brils.
Fibrillin micro®brils have been found in association
with basement membranes, where micro®brils
appear to insert directly into the lamina densa. It is
unknown whether ®brillins are limited to these sites
of micro®bril insertion or are present throughout the
lamina densa. In this study, electron microscopic
immunolocalization demonstrated the presence of
®brillin-1 throughout the lamina densa in the dermal±
epidermal junction. In order to investigate whether
®brillin micro®brils might be present in the lamina
densa, epithelial cell cultures (WISH, HaCaT, and
primary keratinocytes) were analyzed by immuno-
¯uorescence, immunoblotting, and extraction of
micro®brils followed by rotary shadowing electron
microscopy and compared to mesenchymal cell
cultures (dermal ®broblasts and MG63 osteosarcoma).
In contrast to mesenchymal cells, which elaborate a
®brillin ®bril network, epithelial cells primarily
deposit ®brillin into the extracellular matrix in a non-
®brillar form. Coculture experiments using human
epithelial cells and mouse ®broblasts implicated the
cells themselves in the assembly of ®brillin. The
importance of the cell in this process was further
underscored by novel data demonstrating that
keratinocytes selectively secrete ®brillin-1 into the
matrix and not into the medium and can differentiate
between ®brillin-1 and ®brillin-2. Key words: co-
cultures/basement membranes/®brillin/Marfan gene/micro-
®brils. J Invest Dermatol 117:1612±1620, 2001
F
ibrillin micro®brils are ultrastructurally visible elements
that exist in almost all connective tissue spaces. Together
with elastin, ®brillin micro®brils constitute all elastic
®bers. In addition, ®brillin micro®brils form bundles that
do not associate with elastin. Such bundles are often
found in close proximity to basement membranes (Low, 1961). In
certain tissues like skin (Tsuji, 1980), kidney glomerulus (Farquhar
and Kanwar, 1982), and lens capsule (Raviola, 1971), ®brillin
micro®brils appear to directly insert into the lamina densa of
basement membranes.
Fibrillin-1 has been localized by light microscopic immuno-
histochemistry to a variety of basement membranes including those
found in skin (at the dermal±epidermal junction, and around
capillaries, glands, and nerves), glomeruli, bronchioles, large blood
vessels, perimyseum and endomyseum, Descemet's membrane and
Bowman's membrane in the cornea, lens capsule, Schlemm's canal,
iris, ciliary body, amnion, chorion, placenta, and urothelium (Sakai
et al, 1986; Malak and Bell, 1994; Wheatley et al, 1995;
Rosenbloom et al, 1997; SchloÈtzer-Schrehardt et al, 1997).
Although micro®brils have been observed to intersect basement
membranes, they have not been seen within the lamina densa itself,
whose electron dense and granular appearance may obscure the
presence of micro®brils within it.
Mutations in the gene for ®brillin-1 (FBN1) result in the Marfan
syndrome, an autosomal dominant inherited disorder of connective
tissue (Dietz et al, 1991), and associated ``®brillinopathies''
(Furthmayr and Francke, 1997). Phenotypic features of these
dominantly inherited disorders are found in many different
connective tissues. The primary tissues affected are long bones,
the aorta, and the ciliary zonule of the lens ± tissues that are
exceptionally rich in ®brillin micro®brils. In addition, phenotypic
features are present in other tissues such as skin, cornea, lungs, joint
capsules, and the dura. Basement membranes that contain ®brillin-1
seem not to be affected in these disorders, however.
In the skin, for example, mutations in FBN1 can result in striae
distensae, but do not cause blistering at the dermal±epidermal
junction, even though morphologic studies suggest that bundles of
micro®brils seem to connect the basement membrane with the
underlying stroma (DahlbaÈck et al, 1990). The basement membrane
at the dermal±epidermal junction is normally stabilized by strong
adhesion complexes, whose absence cannot be fully compensated
for by contributions from ®brillin micro®brils (McGrath et al,
1994). Therefore, in the presence of strong adhesion complexes, a
mutation in one FBN1 allele may not be suf®cient to affect
adhesion of the basement membrane.
Alternatively, if ®brillin is present in a non®brillar form in
basement membranes, then mutant ®brillin-1 molecules may not be
expected to exert a dominant-negative effect. In other words,
mutant ®brillin-1 molecules, such as those typically found in the
Marfan syndrome (Collod-Beroud et al, 1998), may not result in a
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basement membrane phenotype if ®brillin-1 molecules do not form
polymeric aggregates in basement membranes.
These investigations were initiated in order to address the
question of whether ®brillin-1 is present throughout the lamina
densa or restricted to sites of insertion of micro®bril bundles.
Electron microscopic immunolocalization was performed, using
techniques that allow immunolabeling of the surface of the tissue
section. In addition, assembly of ®brillins by epithelial cells in
culture was investigated and compared to assembly of ®brillins by
cultured mesenchymal cells, in order to determine how epithelial
cells contribute ®brillins to basement membranes.
MATERIALS AND METHODS
Antibodies Monoclonal antibodies speci®c for human ®brillin-1
(MoAb 15, 26, and 69) have been previously characterized (Sakai et al,
1991; Reinhardt et al, 1996a). Monoclonal antibodies speci®c for human
®brillin-2 (MoAb 48) have also been characterized (Charbonneau NL,
Dzamba BJ, Ono RN, Keene DR, Reinhardt DP, Sakai LY, manuscript
in preparation). These monoclonal antibodies do not crossreact with
mouse ®brillins. Rabbit polyclonal antibodies (pAb 9543) produced
against a human ®brillin-1 immunogen (recombinant ®brillin polypeptide
rF11, which spans the N-terminal half of ®brillin-1) have been
characterized and shown to crossreact with mouse ®brillin-1 (Pereira et al,
1997). Antibodies against ®brillin-1 do not crossreact with ®brillin-2
(Keene et al, 1997a). Antibodies to ®brillin-2 do not crossreact with
®brillin-1 (Charbonneau et al, in preparation).
Electron microscopic immunolocalization Human neonatal
foreskin was obtained at circumcision. The tissue was cut into small
pieces and processed by separate protocols. Some tissue was incubated
directly in primary antibody [MoAb 69, diluted 1:5 in phosphate-
buffered saline (PBS)] followed by extensive buffer washes, ®xation in
1.5% glutaraldehyde/1.5% paraformaldehyde and 1% OsO4, dehydration
in ethanol and propylene oxide, and embedding in Spurr's epoxy. Other
tissue was ®xed in ice-cold 0.1% glutaraldehyde/4% paraformaldehyde
for 30 min, dehydrated at progressively lower temperatures (±10°C to
±20°C), in®ltrated in LR White media, and polymerized at 60°C.
Sections were mounted on Formvar-coated nickel grids and ¯oated
sequentially on Tris-buffered saline (TBS), pH 7.5, blocking agent
(0.05 M glycine in Tris; 2% NFDM containing 0.5% ovalbumin and
0.5% ®sh gelatin in Tris), primary antibody (MoAb 26 or MoAb 69,
diluted 1:5 in TBS) for 2 h, several rinses in TBS, 10 nm gold
conjugated secondary antibody (1:10 in TBS with 0.5% ovalbumin) for
90 min, rinsed, and examined in a Philips 410 LS transmission electron
microscope. Sections were examined unstained or after staining in uranyl
acetate and lead citrate.
Cells MG63 human osteosarcoma and WISH human amniotic
epithelial cells were purchased from American Type Culture Collection
(Rockville, MD). HaCaT human keratinocytes were obtained from Drs
Norbert Fusenig and Dirk Breitkreutz. Normal human skin ®broblasts
and normal mouse skin ®broblasts were established by explant culture.
All cells except keratinocytes were maintained in Dulbecco's modi®ed
Eagle's medium (DMEM) containing 10% fetal bovine serum and
penicillin/streptomycin (Gibco, Grand Island, NY). Normal human
keratinocytes were obtained from neonatal foreskin. The epidermis was
separated from underlying stroma using a 16 h, 4°C incubation in
DMEM containing 2.5 mg per ml Dispase II. The tissue was
disaggregated by incubation with 0.05% trypsin, 5 mM glucose, and
0.5 mM ethylenediamine tetraacetic acid, and keratinocytes were
harvested by centrifugation in the presence of 5% fetal bovine serum.
Both HaCaT and normal human keratinocytes were grown with lethally
irradiated 3T3 cells (Rheinwald and Green, 1975) in a serum-containing
medium as previously described (Randolph and Simon, 1993) or without
3T3 cells in a serum-free medium, KGM (Clonetics), ®rst described by
Boyce and Ham (1983).
Immunoblotting Cells were plated at a density of 2 3 105 cells per
ml in 60 mM dishes. After 3 d, the cultures were rinsed with sterile PBS
and incubated overnight in DMEM without serum. The serum-free
medium was collected, and phenylmethylsulfonyl ¯uoride (1 mM) was
added. The cell layers were rinsed three times with PBS and were then
scraped into 500 ml sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) sample buffer (65 mM Tris-HCl, pH 6.8,
2% SDS, 10% glycerol, 0.05% bromophenol blue). Cell layer samples
were heated to 100°C for 5 min, and 40 ml was applied per lane. The
medium was concentrated by trichloroacetic acid precipitation, and the
equivalent of 500 ml of medium was applied to each lane. Samples were
resolved on 5% or 3%±5% polyacrylamide gels and were then transferred
to nitrocellulose. Membranes were ®rst blocked in PBS containing 5%
nonfat dried milk and were incubated with 10 mg per ml MoAb 15 or
MoAb 48 in PBS containing 0.05% Tween-20. Membranes were washed
in PBS/Tween-20 and then incubated with a 1:1000 dilution of goat
antimouse IgG coupled to horseradish peroxidase (Bio-Rad, Hercules,
CA). Blots were developed using either 4-chloro-napthol (Bio-Rad) or
SuperSignal Substrate (Pierce, Rockford, IL), according to the
manufacturer's instructions.
For quantitation of immunoblots, equal numbers (6 3 105 cells) of
WISH cells and normal dermal ®broblasts (passage 8) were plated at
2 3 105 cells per ml into six-well cluster dishes. Cells were allowed to
attach overnight. The next day the cells were washed twice with 2 ml
sterile PBS and incubated overnight in serum-free DMEM. After 24 h,
the serum-free supernatant was pooled and treated with 1 mM diisopro-
pyl ¯uorophosphate (Sigma, St. Louis, MO). The samples were placed
on ice for 4 h and were then precipitated with trichloroacetic acid.
Pellets were washed with cold acetone and ®nally redissolved in sample
buffer. Equal volumes of sample were applied to SDS-PAGE (4.5%
acrylamide). Proteins in the gels were transferred to nitrocellulose
overnight at 4°C in 10 mM sodium borate buffer. After blocking and
washing, membranes were incubated with monoclonal antibodies speci®c
for ®brillin-1 (1:100 dilutions of 1 mg per ml solutions) for 3 h. After
washing three times in PBS-Tween 20, the membranes were incubated
for 2 h with peroxidase-conjugated antimouse IgG (Sigma) diluted
1:1000 in PBS-Tween 20, followed by washing. Blots were developed
by chemiluminescence using ECL+ Plus (Amersham Pharmacia,
Piscataway, NJ) detection reagents. Fibrillin-1 immunoblots were imaged
and quantitated using blue ¯uorescence and a Molecular Dynamics
Storm 860 ImageQuant instrument.
Immuno¯uorescence Cells, plated at a concentration of 2 3 105
cells per ml, were grown in four-well permanox chamber slides (Nalge
Nunc International, Naperville, IL) for 4 d. For coculture assays, WISH
cells (1 3 105 cells per ml) and ®broblasts (1 3 105 cells per ml) were
plated together in chamber slides. Slides were ®xed for 10 min in
acetone (±20°C) and then rehydrated with PBS. The cell layers were
incubated for 1 h with 10 mg per ml monoclonal antibodies or a 1:100
dilution of antiserum (pAb 9543). Slides were washed in PBS, and then
incubated for 30 min with 1:50 dilutions of sheep antimouse IgG
coupled to ¯uorescein isothiocyanate (FITC) or sheep antirabbit IgG
coupled to rhodamine (Sigma). Slides were coverslipped with 90%
glycerol in PBS and viewed using a Zeiss Axiophot microscope. In
experiments where conditioned medium was transferred from one
culture to another, the medium was conditioned by a con¯uent culture
for 24 h and then used for growing cells in chamber slides.
Rotary shadowing HaCaT and normal skin ®broblast cell layers
(grown in 225 cm2 tissue culture ¯asks for 4 wk postcon¯uence) were
brie¯y washed twice with PBS and sequentially extracted at 4°C with
10 ml per ¯ask of (i) 0.15 M NaCl, 50 mM Tris-HCl, pH 7.5, for 3 h
and (ii) then with 0.4 M NaCl, 50 mM Tris/HCl, pH 7.5, for 3 h.
After that, the remaining cell layers were extracted with bacterial
collagenase (0.66 mg per ml) (Sigma, type 1 A) in 50 mM Tris/HCl,
10 mM CaCl2, pH 7.5, at room temperature for 24 h. All extractions
were performed in the presence of 2.5 mM N-ethylmaleimide, 1 mM
phenylmethylsulfonyl ¯uoride, and 1 mM benzamidine. Each extract was
centrifuged twice at 18,000 3 g at 4°C for 30 min. The supernatants
were subsequently applied to a Sepharose CL-2B (Pharmacia) molecular
sieve column equilibrated in 50 mM Tris/HCl, 10 mM CaCl2, pH 7.5,
at a ¯ow rate 0.3 ml per min. Protein concentrations were continuously
monitored by absorbance at 280 nm. The eluted fractions in the void
volume were examined by electron microscopy after rotary shadowing.
Dot blot analysis was performed using nitrocellulose ®lters spotted with
2.5 ml from every fraction. Immune detection of ®brillin-1 and ®brillin-2
was performed as described above. Samples were dialyzed against H2O
and rotary shadowed as described in Morris et al (1986).
RESULTS
Fibrillin-1 is present in the lamina densa of the dermal±
epidermal junction In human skin, large bundles of ®brillin
micro®brils traverse the underlying connective tissue stroma of the
dermis and intersect the epithelial basal lamina (Fig 1A, arrow). The
largest bundles connect at regions of the dermal±epidermal junction
that invaginate most exaggeratedly into the dermis. Electron
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microscopy of the basal lamina typically reveals an arti®cial
separation of the lamina densa from the epithelial cell membrane
in regions where large micro®brillar bundles intersect the dermal±
epidermal junction (Fig 1A, H), suggesting that micro®bril
bundles are durably anchored within the basal lamina and exert
force on the lamina densa. No obvious continuation of micro®brils
within the basal lamina is seen even at high magni®cation, however
(Fig 1B). When immunolabeling experiments were performed on
the surface of sections cut from lightly ®xed skin, ®brillin-1 was
detected continuously along the lamina densa (Fig 2) and was not
limited to the attachment sites for bundles of micro®brils.
Epithelial cells secrete ®brillins but do not assemble ®brillin
®brils Immuno¯uorescence microscopy was used to screen
cultured cells for the production of ®brillin ®brils. Four days after
plating, hypercon¯uent cultures were labeled with a monoclonal
antibody to ®brillin-1 (MoAb 201) and FITC-conjugated
antimouse IgG antisera. In cultures of normal skin ®broblasts
(Fig 3A) and MG63 osteosarcoma cells (Fig 3B) ®brillin-1
appeared in an extensive ®brillar network. In contrast, WISH
amniotic epithelial cells did not appear to form ®brils containing
®brillin-1 (Fig 3C). Instead, ®brillin immunoreactivity was seen in
a punctate pattern that appeared to be underneath the cells.
Similarly, no ®brillar ®brillin-1 was seen in cultures of HaCaT
immortalized keratinocytes. In these cultures, ®brillin-1 was
observed between and underneath the cells but not in ®brillar
arrays (Fig 3D). Normal human keratinocyte cultures (grown
without 3T3 cells) did not display ®brillin-1 immuno¯uorescent
®brils; in these cultures, ®brillin-1 staining was diffuse and weak
(data not shown). When cell cultures were immunolabeled with an
antibody to ®brillin-2, ®brillin-2 was found in ®brils in the
mesenchymally derived skin ®broblasts and MG63 cell cultures but
was not seen in the epithelial WISH and HaCaT cultures (data not
shown).
Ultrastructural observation of con¯uent HaCaT cultures
(Fig 4A) revealed a ®ne electron dense feltwork between the
basal surface of the cells and the culture substrate identical in
appearance to that described previously in primary keratinocyte
cultures and shown to contain laminin-5, a speci®c component of
the epidermal basement membrane (Rousselle et al, 1991). This
material was immunolabeled with anti®brillin antibodies (Fig 4B),
although there were no obvious micro®brils present. In addition,
antibodies to laminin-5 labeled this matrix (data not shown).
When the cell cultures were analyzed by immunoblotting, the
secretion of ®brillin-1 by all four cell lines was con®rmed (Fig 5A).
Differences between the cell cultures were demonstrated, however.
In the mesenchymal cell cultures, which elaborate ®brillin ®brils in
the extracellular matrix, ®brillin-1 was not detectable in the cell
layer extracts by immunoblotting, except as faint monomers (which
are probably newly synthesized intracellular molecules). These
results indicate that the ®brillin-1 present in the mesenchymal cell
layer either was not extracted by SDS-containing sample buffer, or
failed to enter the gel, suggesting that the ®brillin ®brils present in
the matrix are probably stabilized by nonreducible crosslinks. In
contrast to the mesenchymal cell cultures, extracts of the epithelial
cell layers did contain detectable amounts of ®brillins (Figs 5A,
6A). In WISH, HaCaT, and normal keratinocyte extracts,
monomeric ®brillin-1 was barely detected whereas a prominent
higher molecular weight species containing ®brillin-1 was found.
Comparison of relative amounts of ®brillin-1 secreted into the
medium by WISH cells and ®broblasts was accomplished by
immunoblotting followed by imaging and quantitation using
ImageQuant. One such experiment is shown in Fig 5(B). After
plating equal numbers of WISH cells and ®broblasts (equivalent to
the numbers used in the immuno¯uorescence assays shown in
Fig 3), ®brillin-1 present in the media was detected using different
speci®c monoclonal antibodies. These experiments demonstrated
Figure 2. Fibrillin is localized to the surface of sections cut from
lightly ®xed neonate skin embedded in LR White media. (A) In
unstained sections, MoAb 26 is seen to delineate the basal lamina
separating the epithelium (Ep) from the underlying dermis. (B) Revealed
at higher magni®cation in stained sections, MoAb 26 localizes ®brillin to
the lamina densa. (C) A similar pattern of ®brillin localization within the
lamina densa is revealed by MoAb 69. Scale bars: 250 nm.
Figure 1. Fibrillin micro®brils insert into the lamina densa in
skin. (A) Large bundles of micro®brils (arrow) traverse the papillary
dermis and terminate at the epithelial lamina densa. The lamina densa is
often seen separated from the epithelial cell at the speci®c site where
larger micro®bril bundles intersect the basal lamina (*). Scale bar: 2 mm.
(B) No obvious continuation of micro®brils within the lamina densa is
imaged at high magni®cation. MoAb 69, whose binding induces a
periodicity to micro®brils, was used to positively identify ®brillin as a
component of this small bundle of micro®brils. Scale bar: 250 nm.
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that the amount of ®brillin-1 secreted by WISH cells is less than the
amount of ®brillin-1 secreted by ®broblasts. Data from 12 such
experiments indicated that the amount of WISH ®brillin-1 present
in the media under these conditions was approximately 50% of
®broblast ®brillin-1 concentrations (data not shown). Experiments
such as the one shown in Fig 5(B) also suggested that WISH
®brillin-1 migrates slightly faster in SDS-PAGE than ®broblast
®brillin-1. This electrophoretic distinction may be due to cell-
speci®c differences in processing or in post-translational modi®ca-
tions.
In order to determine whether ®brillin micro®brils were present
in the HaCaT cell matrix, HaCaT cells were grown for 4 wk after
reaching con¯uency, and the cell layer was extracted. Conditions
were used that result in extraction of ®brillin micro®brils from
mesenchymal cell cultures. HaCaT extracts were applied to a
molecular sieve column, and, in contrast to mesenchymal cell
culture extracts, dot blot analyses of the column fractions in the
void volume peak were only minimally reactive with ®brillin
antibodies (data not shown). Rotary shadowing of concentrated
fractions from the region near the void volume, however, revealed
occasional rare strings of beaded ®brils. These beaded ®brils were
very short (four to six beads) in comparison to beaded ®brils
extracted from ®broblast cell cultures (data not shown) and were
found in both NaCl extracts of the cell layer, suggesting that these
short ®brils were loosely associated with the rest of the matrix.
Keratinocyte cultures selectively deposit ®brillin-1 into the
extracellular matrix In the HaCaT cell cultures, there was no
detectable ®brillin-1 in the media samples, even though similar
numbers of various cell types grown under similar conditions
exhibited abundant amounts of ®brillin-1 in the media (Fig 5A).
Instead, HaCaT cells selectively deposited ®brillin-1 into the
extracellular matrix (Fig 5A).
In order to determine if this polarized secretion of ®brillin-1 was
also a property of primary keratinocytes, the secretion of ®brillin-1
and ®brillin-2 in HaCaT cells grown on 3T3 feeder layers in
keratinocyte medium was compared with primary cultures of
normal human keratinocytes (NHK) grown in the same way.
Fibrillin-1 was again observed mostly in the cell layers in both the
normal keratinocyte and HaCaT cultures (Fig 6A). The immu-
noreactive band in the extracellular matrix was larger than
monomeric ®brillin (> 500,000 MW). Immunoblotting the
medium and cell layers of keratinocytes and HaCaT cells grown
on feeder layers with a monoclonal antibody speci®c for ®brillin-2
demonstrated that, in contrast to ®brillin-1, ®brillin-2 was select-
ively secreted into the culture medium (Fig 6B). When HaCaT
Figure 4. HaCaT cultures synthesize a
lamina-densa-like matrix. (A) Con¯uent
HaCaT cultures prepared for electron microscopy
revealed a ®brous dense mat directly opposed to
the culture substrate beneath cells. Scale
bar: 250 nm. (B) This lamina-densa-like material
was immunolabeled with anti®brillin antibodies
(pAb 9543).
Figure 3. Immuno¯uorescent localization of
®brillin-1 in cell cultures. Cultures were grown
for 4 d and then labeled with a ®brillin-1-speci®c
monoclonal antibody (MoAb 201). (A) Normal
skin ®broblasts. (B) MG63. (C) WISH. (D)
HaCaT. Scale bar: 50 mm.
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cells grown on tissue culture plastic were examined, ®brillin-2
again appeared only in the medium, not in the cell layer, and
migrated as a monomer (Fig 6C).
Epithelial ®brillins can be incorporated into ®brils by
®broblasts In order to test whether the ®brillins synthesized by
epithelial cells could participate in ®bril assembly, interspecies
coculture experiments were performed. Primary mouse ®broblasts
were grown with human WISH cells. Monoclonal antibodies that
do not recognize mouse ®brillins were used to assess whether
®brillins synthesized by the human WISH cells were incorporated
into the ®brillar matrix. The mouse ®broblasts synthesized an
extensive ®brillin-1-containing ®brillar network as demonstrated
by immuno¯uorescence using a polyclonal antibody to ®brillin-1
(Fig 7A). This network was not recognized by monoclonal
antibodies to ®brillin-1 (Fig 7B) or to ®brillin-2 (Fig 7C).
WISH cultures did not polymerize any ®brillin-1 ®brils even
though these cultures had been grown for 1 wk (Fig 7D). When
the WISH cells were cultured with the mouse ®broblasts, however,
the WISH ®brillin-1 was incorporated into the ®brillin network
(Fig 7E). Similarly, ®brillin-2 was not assembled into ®brils by the
WISH cells (Fig 7F), but was incorporated into the network
produced by the cocultures (Fig 7G). These results demonstrate
that ®brillins produced by WISH epithelial cells can be
incorporated into ®brillar networks, but epithelial cells cultured
alone appear to lack the ability to produce such a network.
In coculture with ®broblasts, WISH cells might have been
induced to assemble ®brillin by soluble factors secreted by the
mouse ®broblasts or the ®broblasts might have provided a necessary
®brillar component that is not produced by the epithelial cells.
Alternatively, the ®broblasts may have a cell surface molecule
needed to initiate assembly of ®brillin ®brils. To distinguish
between these possibilities, WISH cells were incubated with media
conditioned by the mouse ®broblasts, and mouse ®broblasts were
incubated with media conditioned by the WISH cells. Incubation
of mouse ®broblast medium with WISH cells did not induce the
WISH cells to assemble their own ®brillin ®brils (Fig 8B). In
addition, when the cultures were immunolabeled with polyclonal
antisera, no ®brils were seen either (data not shown), suggesting
that increasing the concentration of ®brillin by addition of
exogenous mouse ®brillin did not result in assembly of ®brils.
Incubation of WISH media with mouse ®broblasts did not inhibit
the assembly of mouse ®brillin (compare Fig 8A with 8C).
Furthermore, the ®brillin present in the WISH conditioned media
was incorporated into the mouse ®brillin network independent of
the presence of WISH cells (Fig 8D). These data demonstrate that
WISH ®brillin can be incorporated by ®broblasts into a ®brillin
network. The data also suggest that soluble factors alone are not
suf®cient for ®brillin ®bril assembly by epithelial cells.
Immuno¯uorescence of NHK cells grown with irradiated 3T3
cells was performed in order to analyze ®brillin ®bril incorporation
using these standard conditions for keratinocyte culture. Even
though the mouse ®broblasts were irradiated, these ``cocultures''
resulted in human ®brillin-1 ®bril formation (Fig 9). The staining
pattern obtained was much more limited than those observed in
WISH/®broblast cocultures, however (Figs 7, 8). Staining
appeared to coincide with the outlines of ®broblasts.
DISCUSSION
Light microscopic immunohistochemical localization of ®brillin-1
in human skin has demonstrated continuous labeling at the dermal±
epidermal junction. In a keratinocyte±®broblast three-dimensional
coculture model used to investigate the development of skin,
®brillin-1 was clearly deposited in a linear basement membrane
zone separating the epidermis from the ®broblast stroma (Contard
et al, 1993). Whether ®brillin-1 in the basement membrane zone
corresponded to the speci®c regions where bundles of micro®brils
intersect the lamina densa or to ®brillin distributed throughout the
lamina densa could not be resolved at the level of the light
microscope. Electron microscopic immunocytochemical methods
that rely upon diffusion to deliver immunocytochemical regents to
their respective binding domains (``en bloc'' or ``pre-embedding''
immunolabeling) do not reliably penetrate the epithelial basal
lamina, and therefore are not useful for determining the presence of
®brillin within this region. In this investigation, we used methods
that expose the basal lamina at the surface of sections cut from
lightly ®xed skin, which are then labeled with immunocyto-
chemical reagents. The technique revealed that ®brillin-1 is present
Figure 6. Fibrillin-1 and ®brillin-2 secretion
by immortalized and normal keratinocytes.
Protein extracts were made from conditioned
medium (M) and cell layers (CL) of immortalized
keratinocytes (HaCaT) or NHK grown with 3T3
cells in a serum-containing medium (A, B) or
grown without 3T3 cells in KGM (C). The
proteins were resolved on 3%±5% gradient gels
and analyzed by immunoblotting with monoclonal
antibodies to ®brillin-1 (MoAb 15, A) or ®brillin-
2 (MoAb 48, B, C).
Figure 5. Fibrillin-1 production by cultured cells. (A) Proteins in
conditioned medium (M) and cell layers (L) from different cell lines were
separated on 5% polyacrylamide gels and analyzed by immunoblotting
with ®brillin-1-speci®c monoclonal antibody (MoAb 15), which
recognizes both nonreduced and reduced (+ DTT) molecules. The
migration of molecular weight markers is indicated on the left in kDa.
(B) Proteins in the conditioned media of equal numbers of WISH and
normal skin ®broblasts (NSF) were separated on a 4.5% polyacrylamide
gel and immunoblotted using different antibodies. Blots such as this one
were quantitated using ImageQuant.
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throughout the lamina densa, not only in regions associated with
insertion sites of micro®brils.
In skin, basal keratinocytes are separated from the underlying
connective tissue stroma by a dense felt-like matrix that apposes the
plasma membrane of the basal cells. Electron microscopy of skin
prepared by a cryopreservation technique reveals an absence of the
lamina lucida suggesting that the space between the basal cell and
the lamina densa is arti®cially created as the epithelial cell shrinks in
reaction to reagents used during tissue preparation (Keene et al,
1997b). Similarly, the lamina densa visualized by cryomethodology
is seen as a considerably broader region of high density that is
immediately apposed to the epithelial cell membrane. The narrow
Figure 7. Fibrillin derived from human
WISH epithelial cells is assembled in
cocultures with mouse ®broblasts. (A) Mouse
®broblast cultures are labeled with a ®brillin-1
antiserum (pAb 9543). (B) Fibrillin-1-speci®c
MoAb 201 does not recognize mouse ®brillin-1
in ®broblast cultures. (C) Mouse ®broblast
cultures are not labeled with ®brillin-2-speci®c
MoAb 48. (D) WISH cells are stained in punctate
patterns with MoAb 201, but no ®brils are
observed. (E) Cocultures of human WISH cells
and mouse ®broblasts labeled with MoAb 201
demonstrate that human ®brillin-1 is now
assembled into ®brils. (F) WISH cells labeled with
MoAb 48 show no observable ®brillin-2 ®brils.
(G) Labeling of a WISH±mouse ®broblast
coculture with MoAb 48 reveals ®brillin-2-
containing ®brils. Scale bar: 50 mm.
Figure 8. Fibrillin-1 from WISH conditioned
medium is assembled by mouse ®broblasts.
(A) Mouse ®broblasts are labeled with pAb 9543.
(B) WISH cells incubated in mouse ®broblast
conditioned medium are not induced to assemble
®brils. Punctate staining with MoAb 201 is still
obtained. (C) Assembly of ®brillin ®brils by
mouse ®broblasts is not inhibited by incubation in
WISH conditioned medium. Staining by pAb
9543 is unchanged. (D) Mouse ®broblasts
incubated in WISH conditioned medium can
incorporate human ®brillin-1 into ®brils. Fibrillar
patterns are obtained with MoAb 201. Scale
bar: 50 mm.
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band most commonly described as the lamina densa is therefore
arti®cially condensed but nonetheless represents an authentic
enrichment of basal lamina constituents, which can be identi®ed
using immunocytochemical methods (Keene et al, 1997b).
Keratinocytes and other epithelial cells were examined in vitro in
order to determine whether these cells deposit ®brillins into their
extracellular matrices and to elucidate the structural contribution of
®brillin to basement membranes. Very little is known about ®brillin
assembly by epithelial cells. In this study, electron microscopy of
the HaCaT cell matrix revealed a dense felt-like material similar to
the appearance of lamina densa. In addition to laminin-5, this
material contained ®brillin-1.
Secretion and assembly of ®brillin-1 by dermal ®broblasts have
been well documented (Sakai et al, 1986; 1991; Hollister et al, 1990;
Milewicz et al, 1992; Aoyama et al, 1994). Dermal ®broblasts
secrete ®brillins as monomers into the medium compartment and
assemble ®brillin ®brils in the extracellular matrix compartment.
This we show as controls using dermal ®broblasts and MG63, an
established osteosarcoma cell line. In contrast to these mesenchymal
cells, we show that epithelial cells like HaCaT keratinocytes,
primary cultures of keratinocytes, and WISH amniotic epithelial
cells secrete ®brillins into the medium compartment but do not
assemble classic ®brillin ®brils in the matrix compartment. Instead,
either punctate or diffuse matrix staining was demonstrated by the
epithelial cells.
When cell layers of epithelial cells were analyzed by immuno-
blotting, a high molecular weight species (>500,000 MW)
containing ®brillin-1 could be extracted from HaCaT and primary
keratinocytes. Small amounts of monomeric ®brillin-1 as well as the
high molecular weight species containing ®brillin-1 could be
extracted from WISH matrix. Using identical culture and extrac-
tion conditions, we show that mesenchymal cell ®brillin-1 in its
polymerized form is too large to enter gels. These mesenchymal
cultures had assembled ®brillin ®brils in the matrix at these times.
These data indicate that epithelial cells assemble ®brillins into their
matrices in a unique fashion and suggest that ®brillins may reside in
the lamina densa in a less polymerized, possibly non®brillar form.
Previously published results showed rotary shadowed images of
beaded ®brils extracted from primary cultures of porcine
keratinocytes grown for 7 d (Haynes et al, 1997). In our study,
we compared HaCaT cells with primary human keratinocytes, and
then we cultured HaCaT cells for 4 wk after reaching con¯uence
for extraction studies. Using conditions (7 d cultures and 4 wk
cultures extracted with 0.4 M NaCl in neutral 50 mM Tris buffer)
similar to those used by Haynes and coworkers, we were able to
detect only a few very short (four to six beads) beaded ®brils.
Further digestion of 4 wk cultures with crude collagenase did not
reveal more than the rare short beaded ®brils.
Collectively, these data demonstrate that ®brillin-1 is present in
the lamina densa of neonatal human skin and that keratinocytes
probably contribute ®brillin-1 to the lamina densa. Moreover, these
data demonstrate that keratinocytes, and other epithelial cells,
assemble ®brillin-1 in a cell-speci®c manner distinct from
mesenchymal cells. Cell-speci®c differences were found in short-
term cultures by immuno¯uorescence and immunoblotting and in
long-term cultures by immunoelectron microscopy and extraction
studies. What factors contribute to these cell-speci®c differences are
currently unknown, although differences in processing as well as in
post-translational modi®cation are known to in¯uence assembly in
other matrix macromolecules.
In order to further investigate these differences between
epithelial and mesenchymal cells, we devised coculture experiments
using mouse and human cells. WISH cells were used for these
experiments, as these cells secrete ®brillin into the medium and also
deposit ®brillin into the cell layer. The results of these experiments
demonstrated a number of signi®cant new ®ndings. First, increasing
the concentration of ®brillin-1 either by addition of mouse
®broblast ®brillin-1 or by doubling the number of days in culture
failed to result in assembly of ®brillin ®brils by WISH epithelial
cells. We estimate, based upon the relative amounts of ®brillin-1
present in immunoblots of WISH and ®broblast media, that
amounts of ®brillin-1 comparable to that present in ®broblast
cultures should have been present in these WISH cell cultures.
Second, monomers of ®brillin-1 secreted by WISH cells are
competent to be assembled into ®brils by ®broblasts. Third,
addition of soluble ®broblast biosynthetic products was not
suf®cient to induce assembly of ®brillin ®brils by WISH cells,
suggesting that the inability of WISH cells to assemble ®brillin
®brils may not be due to lack of required potential micro®brillar
components and/or extracellular processing enzymes. Fourth,
addition of WISH epithelial biosynthetic products was not
suf®cient to inhibit ®bril assembly by ®broblasts, suggesting that
potential epithelial ®brillin-crosslinking molecules or other inhibi-
tors of ®brillogenesis are not present in soluble form. Finally, these
data collectively implicate the cells themselves in determining the
fate of ®brillin: ®broblasts assemble ®brillin into ®brils, whereas
epithelial cells deposit ®brillin primarily in a non®brillar form into
the lamina densa. Participation by other molecules in these distinct
processes is certainly likely. We suggest that these participatory
molecules must be intimately associated with the cell surface: either
cell surface membrane proteins or proteins in the pericellular space.
Analyses of NHK cells cultured in the presence of irradiated mouse
3T3 cells further implicate ®broblast cell surface molecules in
®brillin ®bril assembly.
The importance of the cell in determining the fate of ®brillin was
also demonstrated by the differential secretion patterns of ®brillins
by HaCaT and primary keratinocytes. These keratinocyte cultures
could selectively secrete ®brillin-1 basolaterally into the cell layer
and not into the medium. In addition, the same keratinocytes were
able to discriminate between ®brillin-1 and ®brillin-2, sequestering
®brillin-1 basolaterally into the cell layer and secreting ®brillin-2
selectively into the medium. In contrast, laminin-5, an important
component of the dermal±epidermal basement membrane, is both
secreted into the medium and deposited into the matrix by
keratinocytes (Rousselle et al, 1991). Culturing HaCaT or NHK
cells in the presence of irradiated 3T3 cells did not result in
deposition of ®brillin-2 into the matrix, suggesting that additional
cellular factors control assembly of ®brillin-2 in these cells.
Receptor-mediated cellular mechanisms in concert with self-
assembly properties of matrix molecules have been demonstrated to
underlie processes of extracellular matrix assembly (Schwarzbauer
and Sechler, 1999). The processes involved in micro®bril
Figure 9. Fibrillin-1 forms ®brils in NHK
cells cultured in the presence of irradiated
mouse 3T3 ®broblasts. (A) NHK cells cultured
in serum-free conditions were passaged, grown in
chamber slides with irradiated 3T3 cells in serum-
containing conditions for 4 d, and stained with
MoAb 201. Fibrillin-1 ®brils corresponding to
®broblast outlines were brightly stained. (B) PBS
control, instead of primary antibody, showed no
background staining. Scale bar: 50 mm.
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®brillogenesis (initiation, elongation, and stabilization) are largely
unknown (for review, see Handford et al, 2000). The data
presented here contribute to our understanding of micro®bril
assembly in a number of areas. This is the ®rst study indicating that
micro®bril assembly is cell-type speci®c. In general, mesenchymal
cells assemble long ®brillin ®brils at a much faster rate than
epithelial cells, and mesenchymal cells can assemble both WISH cell
®brillins. In addition, we provide data demonstrating that WISH
®brillin-1 is capable of participating in ®bril elongation, although in
WISH cell matrix, ®brils appear to be initiated (punctate) but not
elongated. In contrast to WISH cells, HaCaT and NHK cells
selectively deposit ®brillin-1 into the matrix and secrete ®brillin-2
into the medium, demonstrating differential elaboration of
®brillin-1 by different epithelial cells. And, our data suggest that
cellular factors important to micro®bril assembly are located close
to the cell surface. Whether these cellular factors include a receptor
is unknown, although it has been shown that integrin avb3 binds to
®brillin (Pfaff et al, 1996; Sakamoto et al, 1996). The rare but
apparent short beaded ®brils found in HaCaT matrices demonstrate
the ability of epithelial ®brillin-1 to become assembled into longer
polymers. It is unknown whether ®brillin can self-assemble and to
what extent ®brillin self-assembly contributes to micro®bril
®brillogenesis. These data might indicate that, however, like
other matrix assembly processes, micro®bril ®brillogenesis is
regulated by both cell-mediated events and self-assembly proper-
ties.
What function would a non®brillar ®brillin perform in the
lamina densa? It may serve to anchor ®brillin micro®brils,
synthesized by underlying mesenchymal cells, into the lamina
densa. To perform this anchoring function, ®brillin-1 must be able
to interact with basement membrane components as well as with
®brillin. No interactions have been found between ®brillin-1 and
classic basement membrane components (laminin-1, collagen IV,
and nidogen), however (Reinhardt et al, 1996b). Fibulin-2 may
serve to bridge ®brillin-1 with laminins (Reinhardt et al, 1996b;
Utani et al, 1997). Additional biochemical investigations may
identify other interacting basement membrane components, which
may serve to anchor ®brillin micro®brils to the lamina densa and
also compete with ®brillin±®brillin interactions in the lamina densa
to limit micro®bril formation within the basement membrane.
As ®brillins and LTBPs (latent transforming growth factor b
binding proteins) are a highly homologous family, ®brillins may
function to localize growth factors, either indirectly through
binding to LTBPs or through direct binding to growth factors
themselves. Sequestration of a non®brillar form of ®brillin by
epithelial cells to the basement membrane may serve as a
mechanism to store speci®c growth factors adjacent to epithelial
cells and to allow these growth factors to be easily turned over,
replenished, and activated. This mechanism, and the modulation by
epithelial cells in the selective secretion of ®brillin-1 and ®brillin-2,
may be used to regulate cellular differentiation during different
developmental stages as well as wound healing processes.
The limited temporal expression of ®brillin-2 to fetal develop-
ment (Zhang et al, 1995) supports this hypothesis. Keratinocytes
may be induced to express ®brillin-2 in culture, but these
keratinocytes retain the required information to selectively deposit
®brillin-1, and not ®brillin-2, into the matrix. This ability to
discriminate between ®brillins must be conferred by speci®c
molecules that function within the cell or close to the cell surface.
As ®brillin-1 and ®brillin-2 copolymerize and form micro®brils
equally well (Charbonneau NL, Ono RN, Keene DR, Chalberg
SC, Reinhardt DP, Ramirez F, Sakai LY, unpublished observa-
tions), tight regulation of the ®brillins must indicate that ®brillins
also perform speci®c functions that are not primarily structural.
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